. Any definition of a CpG island is somewhat arbitrary, and this one, which was derived before the sequencing of mammalian genomes, will include many sequences that are not necessarily associated with controlling regions of genes but rather are associated with intragenomic parasites. We have therefore used the complete genomic sequences of human chromosomes 21 and 22 to examine the properties of CpG islands in different sequence classes by using a search algorithm that we have developed. Regions of DNA of greater than 500 bp with a G؉C equal to or greater than 55% and observed CpG͞expected CpG of 0.65 were more likely to be associated with the 5 regions of genes and this definition excluded most Alu-repetitive elements. We also used genome sequences to show strong CpG suppression in the human genome and slight suppression in Drosophila melanogaster and Saccharomyces cerevisiae. This finding is compatible with the recent detection of 5-methylcytosine in Drosophila, and might suggest that S. cerevisiae has, or once had, CpG methylation.
D
inucleotide clusters of CpGs or ''CpG islands'' (1) are present in the promoter and exonic regions of approximately 40% of mammalian genes (2) . By contrast, other regions of the mammalian genome contain few CpG dinucleotides and these are largely methylated (2) . The decreased occurrence of CpGs is best explained by the fact that methylated cytosines are mutational hotspots (3) leading to CpG depletion during evolution. A large number of experiments have shown that methylation of promoter CpG islands plays an important role in gene silencing (4) , genomic imprinting (5), X-chromosome inactivation (6) , the silencing of intragenomic parasites (7) , and carcinogenesis (8, 9) .
The first large-scale computational analysis of CpG islands using vertebrate sequences in GenBank was performed by Gardiner-Garden and Frommer (1), who defined a CpG island as being a 200-bp region of DNA with a high GϩC content (greater than 50%) and observed CpC͞expected CpG ratio(Obs CpG ͞Exp CpG ) of greater or equal to 0.6. The exact definition of what constitutes a CpG island is somewhat arbitrary because the cutoffs for the parameters used to describe them can make significant differences to what sequences are included within the definition. For example, the human Alus, which are highly repetitive short interspersed elements, have an approximately 280-bp consensus sequence, and some of these have relative high %GC and Obs CpG ͞Exp CpG (10) . This composition makes it difficult to distinguish bona fide CpG islands from the nearly 1,000,000 Alu copies per haploid genome. Here we have analyzed the complete sequences of human chromosomes 21 (11) and 22 (12) , which make up Ϸ2% of the total human genome (11) and therefore contain approximately 750 genes (11) . The use of whole chromosome sequences results in less bias being introduced to define these regions than that introduced in the earlier studies using gene exon databases. We designed an algorithm to search for and describe CpG islands, and we suggest a modification of the original criteria of Gardiner-Garden and Frommer (1), which now excludes Alus and many CpG islands not located within the promoters of genes. This more rigorous description of a CpG island might be used to better define an island for studies on the potential role of methylation in promoter silencing. Also, our description reduced the number of CpG islands located on these chromosomes from 14,062 to 1,101, which is more consistent with the expected number of genes (Ϸ750) located on these two chromosomes.
The recent sequencing of the complete genomes of Escherichia coli (13) , Saccharomyces cerevisiae (14) , Drosophila melanogaster (15) , Caenorhabditis elegans (16) , and Arabidopsis thaliana (17) also allowed us to conduct comparative studies on the frequency of occurrence of the dinucleotide CpG within these genomes and compare that to the human genome. We also used genome sequences to show strong CpG suppression in the human genome and slight suppression in D. melanogaster and S. cerevisiae.
Materials and Methods
All sequence data were obtained from the GenBank Database. We used the contigs, NT011511-15 (chromosome 21), and NT011516, NT011517, NT011519, NT011520, NT011521, NT011522, NT011523, NT011534, NT011525, NT019197, and NT011526 (chromosome 22). When we analyzed the chromosomes, approximately 350 genes were mapped on both chromosomes. CpG islands were extracted from these contigs with the following algorithm, consisting of several steps (Fig. 1) . To exclude ''mathematical CpG islands'' (for example, a 300-bp sequence containing one G, 150 Cs, and only one CpG, which would meet the criteria of a CpG island), we added one more condition: that there are at least seven CpGs in these 200 bp. This number was selected on the basis that there would be 200͞16 (i.e., 12.5) CpGs in a random DNA fragment containing no suppression of CpG. Because Gardiner-Garden and Frommer's criterion (1) of Obs CpG ͞Exp CpG of 0.6 would accommodate (0.6 ϫ 12.5) CpGs (i.e., 7.5), we selected seven CpGs as being a reasonable cutoff for the initial analysis.
Alu repetitive elements (Alus) were detected by the REPEAT-MASKER mail server (University of Washington Genome Center, Seattle, http:͞͞ftp.genome.washington.edu͞cgi-bin͞Repeat-Masker). We also found which CpG islands contain the first coding exon or other exons according to mapping information of the contigs from GenBank. CpG islands were categorized into four categories in this order: ''5Ј region'' included at least the first coding exon of a known gene and might or might not include This paper was submitted directly (Track II) to the PNAS office.
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downstream introns and exons and
Alus. An ''Exon'' CpG island did not include a known first coding exon and possibly included intronic and Alu sequences. An ''Alu '' did not include a known exonic sequence. ''Unknown'' sequences did not satisfy any of the above criteria.
We first extracted 14,062 CpG islands on the basis of the original criteria of Gardiner-Garden and Frommer (1) and analyzed the change of proportions of the categories of 5Ј region, Exon, Alu, and unknown CpG island. We then reanalyzed these by applying modified criteria on all 14,062 CpG islands that had been identified by Gardiner-Garden and Frommer's criteria (1) . On this analysis, we analyzed the variables for a 50% and 55% %GC, 0.60 and 0.65 Obs CpG ͞Exp CpG , and 200-and 500-bp length.
The algorithm developed to identify CpG islands in genomes with strong CpG suppression was not suitable for the analysis of other genomes not so suppressed. Therefore, to determine the distribution of %GC and Obs CpG ͞Exp CpG throughout the sequenced genomes of various organisms, these parameters were calculated in consecutive nonoverlapping 500-bp windows starting at one end of a contig and progressing to the other. A random sample of 5,000 sequences was then picked for each organism and 5,000 data points were displayed on each plot. Nearest neighbor base sequence analysis was performed by using a shifting 2-bp window for each possible dinucleotide and the frequencies calculated.
For these analyses we used all contigs of human chromosomes 21 and 22, NC000862 (Arabidopsis thaliana, chromosome 4), NC001133-48 (S. cerevisiae, chromosomes 1-16), AE002566, AE002593, AE002611, AE002620, AE002629 (sequencing scaffolds of D. melanogaster, chromosome 1), NC000965 (C. elegans, chromosome 1), and NC000913 (E. coli K-12 strain). All of these analyses were performed with PERL SCRIPT coded by D.T. with PERL COMPILER (ActiveState, Vancouver, http:͞͞www. activestate.com͞).
Results and Discussion
CpG Islands in Human Chromosomes 21 and 22 and Their Nature. We set the criteria for CpG islands as being the original ones defined by Gardiner-Garden and Frommer (1) (length Ն 200 bp, Obs CpG ͞Exp CpG Ն 0.6, and %GC Ն 50%) and analyzed the entire lengths of chromosomes 21 and 22. The algorithm used to extract these regions is indicated in Fig. 1 and has the advantage over existing search programs that it reduces the cycle of calculations required and results in the extraction of symmetrical CpG islands from both the 5Ј and the 3Ј ends. With this algorithm, we extracted 5,039 CpG islands from chromosome 21 and 9,023 from chromosome 22 (Table 1) . Although the two chromosomes are similar in size, chromosome 22 had almost twice the number of CpG islands as chromosome 21, probably because of the existence of gene-poor regions constituting a third of chromosome 21 (11) . However, because 40% of genes are thought to have CpG islands associated with them (2), the 14,062 CpG islands extracted by these criteria vastly exceeded the number expected to be associated with the approximately 750 genes located on the two chromosomes. This 50-fold excess suggested that the criteria might be too lenient, as has been noticed (11) .
The data obtained from the combination of both chromosomes were analyzed with respect to whether the CpG islands occurred in the 5Ј region of a gene, within an exonic region, or within Alus. The mean values and distributions of these analyses with respect to %GC, Obs CpG ͞Exp CpG , and length are shown in Fig. 2 . The data showed that, not unexpectedly, the majority of CpG islands extracted by the criteria of Gardiner-Garden and Frommer (1) corresponded to Alus (Fig. 2 A-C) . However, a large number of unknown sequences were also identified. The majority of these two categories of sequences had properties that placed them at the lower limits of the criteria currently used to extract CpG islands. For example, the majority had %GC Ͻ59%, Obs CpG ͞Exp CpG of Ͻ0.72, and a length Ͻ600 bp. This result suggested that altering the stringency by which CpG islands were defined would markedly reduce the occurrence of these sequences within the data set. CpG islands were categorized into four categories in this order: ''5Ј region'' included at least the first coding exon of a known gene and might or might not include downstream introns, exons and Alus. An ''Exon'' CpG island did not include a known first coding exon and possibly included intronic and Alu sequences. An ''Alu'' did not include a known exonic sequence. ''Unknown'' sequences did not satisfy any of the above criteria. The CpG islands associated with the 5Ј regions of genes (Fig.  2 D-F) showed a markedly different distribution when compared with the Alus (Fig. 2 J-L) . These 5Ј elements had a mean %GC of 65%, and showed a biphasic distribution for the occurrence of Obs CpG ͞Exp CpG . There was also a biphasic distribution with respect to length, with a significant proportion of CpG islands being in the small region of 200-400 bp and an average length of 1,300 bp for all 5Ј regions analyzed. As has been pointed out earlier (2), CpG islands can also occur within the coding regions of genes and this was again found to be the case in our analysis ( Fig. 2 G-I) ; however, they tended to have a lower %GC on average than the 5Ј CpG islands, tended to have a slightly decreased mean for the occurrence of Obs CpG ͞Exp CpG , and tended to be shorter. Table 2 shows the change of proportions of the four categories depending on the three parameters used to define a CpG island in an attempt to develop more rigid criteria that would exclude the Alus and small unknown islands from the definition and increase the proportion of CpG islands located in the 5Ј regions of genes. This table shows that modifying the criteria to a %GC Ն 55% and a length Ն 500 bp with Obs CpG ͞Exp CpG Ն 0.65 resulted in the exclusion of the vast majority of Alus and unknown sequences, while only slightly decreasing the number of CpG islands that occur within the 5Ј regions of genes. The increased stringency also substantially reduced the number of exonic CpG islands. The biological functions of these islands are not well understood, but CpG islands located in nonpromoter regions can play significant roles in gene regulation (18) ; they also seem to be frequent targets for de novo methylation in cancer and aging (19) . Therefore, although the increased stringency preferentially locates CpG islands in the 5Ј regions of genes, it may also result in the loss of smaller regions of DNA from the data set that may be functionally important in gene control. The modified criteria also helped remove Alu sequences previously identified as part of 5Ј CpG islands (Fig. 3) . In this example of the NHP2L1 gene, the entire 1,233-bp fragment originally extracted by the algorithm included two Alu sequences with some CpG suppression. The modified stringent criteria reduced the size of the island to 620 bp and excluded the Alu sequences. (Fig. 4 A-F) . The strong suppression of CpG in human chromosomes 21 and 22 was analyzed and was clearly visible (Fig. 4A) , and the CpG islands are indicated by using the criteria established in this paper. However, it should be noted that there is no clear demarcation between regions that are called CpG islands and those that are not. Rather, there is a continuum of 500-bp regions of DNA that move between this bulk DNA and the properties of a CpG island. The human genome showed the strongest suppression of CpG. Several sequences plotted in the lower left field of the plot of %GC vs. Obs CpG ͞Exp CpG of the human genome (Fig. 4A ) turned out to be simple repetitive sequences such as (TA) n and (TT-TAA) n (data not shown). CpG suppression in the human genome is caused not only by CpG depletion through evolution but also by the high content of simple repetitive sequences and a low rate of sequence utilization for genes. A. thaliana contains 5-methylcytosine, and its genome shows a wide distribution of the occurrence for CpG (Fig. 4B) . However, because of the low GC content in this organism, few fragments fulfilling our criteria for a CpG island are visible in the A. thaliana genome. In this The effect of modifying the criteria on CpG island distribution is shown. Each modified parameter is indicated by an asterisk. Categorization was as described in Table 1 . The existing criteria and modified criteria columns of the table are boldfaced. Fig. 3 . The modified criteria also helped remove Alu sequences previously identified as part of 5Ј region CpG islands. In this example, a 1,233-bp fragment originally extracted by the algorithm included two Alu sequences with some CpG suppression associated with the nonhistone chromosome protein 2 like 1 (NHP2L1). The modified stringent criteria reduced the size of the island to 620 bp and excluded the Alu sequences. respect, the A. thaliana genome and that of C. elegans (Fig. 4D) are quite similar and not as tightly clustered with respect to %GC and Obs CpG ͞Exp CpG as those of S. cerevisiae (Fig. 4E ) and E. coli (Fig. 4F) . The genome of E. coli showed a distribution around the middle of the plot, which is consistent with the fact that E. coli does not have a recognizable sequence for a CpG methyltransferase in its genome and therefore probably does not have CpG methylation. The D. melanogaster genome is not suppressed for the occurrence of CpG and contains a large number of fragments that would fulfill the criteria of a CpG island that we have defined (Fig. 4C) .
Nearest-neighbor sequence analysis of these model organisms (Fig. 4G ) also shows that the frequency of occurrence of the CpG sequence is suppressed in several organisms, including those that are not known to have DNA methylation. Thus, with the exception of E. coli, the other five organisms examined all show that the CpG dinucleotide is the most infrequent dinucleotide within their genomes. In D. melanogaster and S. cerevisiae, the genome showed slight suppression of CpG. Previously, no methylated cytosine had been detected in the genome of either organism; however, recently 5-methylcytosine was detected in D. melanogaster (20, 21) . Thus, S. cerevisiae might also have, or once had, methylcytosine considering that S. cerevisiae showed much more suppression than D. melanogaster in both of the plots of %GC vs. Obs CpG ͞Exp CpG and in the nearest-neighbor analysis.
